Paramedic and experimental analysis of ejector performance by Wade, Barton Scott
Calhoun: The NPS Institutional Archive
Theses and Dissertations Thesis Collection
1967-07
Paramedic and experimental analysis of ejector performance
Wade, Barton Scott





















Lieutenant, United Stated Naval Reserve
B.S., Purdue University, 1961
Submitted in partial fulfillment of the









This investigation analyzes the operating character-
istics of an ejector having a heated primary jet and a
constant area mixing section. The effects of several key
parameters are determined on the basis of idealized theory.
Performance characteristics are described in terms of certain
non-dimensional coefficients obtained by a systematic dimen-
sional analysis.
In addition, experimental results obtained from a model
ejector are presented. These results are in reasonable
agreement with the theoretical analysis.
Suggestions are made for further improvements both
in the theory and in the experimental facility.
ERRATA
page 10, line 17 should read "theoretical" vice
"theoretcial"
page 12, para 2.2 a, line 3 should read "suitably"
vice "suitable"
page 13, para 2.2.b, last line should read "suitably"
vice "suitable"
page 22, line 7 should read 'downstream" vice "down stream"
page 28, lines 1 and 2 should hyphenate the word
"performance" between the m and the a
page 62, third line from bottom should read "of an"
page 68, eighth line from bottom should read "iteration"
vice "interation"
page 87, item T^> /T-p is described as
"Average exit total temperatures.", this statement
should read "Ratio of the secondary-to-primary total
temperatures . "
List of Symbols and throughout the thesis where Cp
has been used as the symbol for specific heat
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rh Mass Plow Rate
H Enthalpy
C Dimenslonless Pumping Power Coefficient
pp y &
C_ a Dimensionless Suction Power Coefficient
C £ Dimensionless Total Power Coefficient
Cm Dimensionless Momentum Coefficient
C Dimensionless Driving Pressure Coefficient
C Dimensionless Suction Pressure Coefficient
s
X Mass Plow Rate Ratio (irip/m,
)
A AREA
C Specific heat at constant pressure
P
M Mach number
6 Density ratio (p2/p-i)
$ Dimensionless pressure rise across the mixing
section (Eqn 16)
y Ratio of specific heats
u Compressibility factor defined by Eqn A-44
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An ejector, or jet pump, is a device which uses the
relatively high energy of a small heated jet to produce a
pressure rise in a relatively large mass flow. Such devices
have many diversified applications. Jet pumps can be used
as boundary layer control systems to delay the effects of
flow separations. Air may be either blown over the lifting
surface or sucked away from it. Similar devices, greatly
enlarged, have also been employed as jet engine test cells
where a large mass flow at high velocities is required.
(Ref. 3). Further applications are in the fields of thrust
augmentation and STOL/VTOL aircraft. (Ref. 6 and 7).
It was desired to study the effects of several key
parameters upon which the performance of such ejectors depend.
It became evident that before a specific parametric analysis
could be performed, some meaningful set of performance coef-
ficients should be developed which describe adequately the
operation of an ejector. Such coefficients would also aid
in the design of jet pumps in general. These performance
coefficients have been derived on the basis of a logical
dimensional analysis of the principal parameters which control
the operation of such devices.
Once the coefficients were defined, a systematic study
was performed to determine the effects which several key
parameters have upon ejector operation.
This study is based upon the continuity, energy, and
momentum equations as applied to the axi-symmetric , two-
dimensional mixing of two concentric jets in a constant area
duct. The final numerical results of this parametric analysis
were determined by means of the Control Data Corporation
1604 digital computer. It should be noted that losses
associated with friction and with incomplete mixing have
been neglected, so that the results obtained represent the
optimum performance levels which an ejector may approach but
never exceed.
An experimental ejector, similar to that presented in
Reference 2, was fabricated and installed in Building 216 at
the Naval Postgraduate School, Monterey, California. A
brief test program was conducted with this device in order
to obtain an experimental comparison with the idealized
theoretical trends.
Both the theoretcial analysis and the experimental test
program are extensions of work initiated by Belter in
Reference 1 and continued by Ridder and Summers in Reference
2. In the case of the parametric analysis, however, some
results obtained in Reference 2 were found to be in error.
Specifically, the tabulated mass flow ratios shown in
Appendix C of this reference do not agree with values obtained
by subsequent calculations. For this reason, along with the
desire to develop a more simplified approach, the theoretical
procedure presented in this report is basically original.
The results obtained in Reference 2 apply only to compressible
flows, while the methods presented herein may be applied to
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either compressible or incompressible flows. The specific
design of the experimental ejector suggested in Reference 2
was scaled down to approximately one-fourth the original
linear size to meet cost and power supply limitations. Also,
the actual ejector tested is of the variable inlet pressure
type as compared to the variable back pressure system
originally proposed.
Therefore, the goal of this study was to develop a more
basic set of performance coefficients which adequately
describe the operation of an ejector; to investigate the
effect which several key parameters have upon these perfor-
mance coefficients; and to obtain a comparison between
experimental results and the idealized theory.
The author wishes to express his sincere appreciation
for the invaluable assistance and guidance provided by




It may be seen from Figure 1 that the main parameters
governing this problem are those which define the thermo-
dynamic states of the primary fluid (P , P , TT1 , T^); the
secondary fluid (PT? , P , TT2 , Tp); and the fluid at the
exit from the ejector (PT o, P ? , Tij-os T o)- The amount of
mass in each system and the geometric relation between
the individual systems are also of great importance. For a
thermodynamic system, in which electrical effects are
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insignificant, four basic dimensions suffice to non-dimen-
sionalize all possible physical characteristics of the system,
For this study, the basic dimensional system of force,
length, time, and temperature has been chosen. It is felt
that by judicious selection of four reference parameters,
which collectively represent the four basic dimensions, a
more meaningful set of non-dimensional performance coef-
ficients can be defined.
After analyzing the overall operation of an ejector,
the following four parameters were chosen to represent the
basic dimensional system:













2. The ambient temperature
of the secondary fluid
3. The mass flow rate of
primary fluid
4. The available enthalpy drop
Using these as a dimensional base, it is possible to
express any other physical quantity in the form of a non-
dimensionalized coefficient. (See Buckingham-Pi Theorem,
Appendix A)
.
2.2 Definition of Dimensionless Coefficients
a. Pumping Power Coefficient
The pumping power coefficient is defined as the
maximum available power at the exit from the constant area
mixing section, suitable non-dimensionalized by means of the















b. Suction Power Coefficient
An ejector is capable of inducing a flow of secondary
fluid from some pressure below that of static pressure at
the exit from the mixing section. Prom a thermodynamic
analysis (Appendix A) it can be shown that there is some
ideal equivalent power required for this type of isothermal
compression. The suction power coefficient is then defined




TT2 AS^T2 (2)ps v '
A l Ha
c. Total Power Coefficient
With an ejector developing power both in the form
of available exit enthalpy and in the form of isothermal
compression of the secondary fluid, it is appropriate to
define the total power coefficient merely as the sum of
these two outputs. The coefficient so established represents




The momentum coefficient is defined as the output
momentum at the exit from the constant area mixing section,
properly non-dimensionalized.





- VhT"l l »"a
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It should be noted that the power coefficients C and C* pp ps 5
being the ratios of output blowing and suction power,
respectively, to available power, really represent the
efficiencies of the system as a pump and as a suction device.
The total power coefficient therefore represents the over-
all efficiency.
e. Driving Pressure Coefficient
The difference between the primary supply pressure
(Pm-,) and the static pressure at the exit plane (P~) is
non-dimensionalized by a suitable reference pressure. This
then defines the driving pressure coefficient.
CD =
PT1 " p 3 (5)P
Pij>2 H-a
f. Suction Pressure Coefficient
A second pressure parameter must also be defined
for an ejector with a variable inlet (suction) pressure. As
before, the difference between the secondary fluid total
pressure (PTp ) and the exit static pressure (P_) is properly




PT2 - P 3 (6)
PT2 Ha
The major portion of this report deals with a
compressible operating fluid and it became more convenient
to use pressure ratios, _ and ld , as controlling para-
PT1 PT1
meters. There is, of course, a correlation between these
ratios and the above pressure parameters as shown in Figure
28. Hence, the results of the study can be applied to either
the compressible or incompressible situations.
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g. Mass Plow Ratio
The rate of mass flow induced through the secondary
system by the action of the primary jet is of primary
importance in describing the pumping characteristics of an
ejector. A non-dimensional mass flow is therefore defined
as the secondary mass flow rate (ir^) divided by the primary
or supply mass flow rate.
X = m2 (7)
mi
h. Area Ratio
The geometrical factor which controls the performance
of a jet pump is the physical size of the component systems.
There is, therefore, a need to define certain size parameters
to complete the non-dimensional description of an ejector
system. As shown in Appendix A, the cross sectional area of
the primary jet nozzle, and the constant area mixing section
can be non-dimensionalized to give two area coefficients.
p = A 1 /PT2)V7" (8); ai =
ai(^T
and
C = A ^L A3 3
[Pt2|Vh" (9)
m l
It is evident, however, that the individual size of
each component is relatively unimportant and that the
controlling geometric factor is simply the ratio of the
mixing section area (AJ to the primary nozzle area (A-^).
For this reason, the above defined area coefficients were
replaced by the ratio Ao/A-, and C^o.
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With these coefficients, it is possible to describe
the essential operating characteristics of an ejector system.
This description is essentially independent of the operating
fluid or of any absolute dimensional magnitudes. This method
should aid in the specification of ejector design requirements
2.3 Theoretical Development
This analysis is an investigation of the physical
relationships which govern the operation of a jet pump.
The resulting equations may be solved by a systematic itera-
tion technique which can be performed on any digital computer.
Figure 1 shows the station locations and symbolic
notation employed throughout this development.
The three basic conditions which must be satisfied for
the constant area mixing of two streams of fluid in an axi-
symmetric duct are the equations of continuity, momentum,
and energy. These equations, applied to the frictionless
flow with uniform velocity distributions, are:











- PoA^ = m^V - m V -m V (11)
Energy




The detailed solution to these equations is given in
Appendix A, and will not be covered here. The following is
a summary of the resulting equations obtained, along with a
listing of pertinent parameters'. It is felt that in this
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K 2 = A3
A,
Method of Solution
Assume a trial value for ML
.
Assume an initial trial value of u equal to unity.
Calculate M, , 6, X, $., and $„.
Define an error function
ERF «M - *^.
Vary the trial value of M
2
until ERF = for initial
value of u
.
Using equations 6 thru 8 calculated a new value for u.
With the new y start Mp iteration again.
Repeat until two successive values of M
?
are equal.
This gives the proper value of Mp and y for the specified
constant parameters.
Once Mp and y have been obtained, the performance
coefficients may be calculated.
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These computations are performed by the Fortran
program JETPUMPI as shown in Appendix A.
3. EXPERIMENTAL TEST FACILITY
The model ejector employed for this study is essentially
a scaled-down version of the design originally proposed by
Ridder and Summers in Reference 2. A scale factor of
approximately one-fourth was necessary to meet financial as
well as power supply limitations; further, minor modifications
were also made to the basic design.
The original proposal in Reference 2 called for a
control valve to be installed at the exit from the mixing
section. Such a valve would allow for controlling the
static pressure at the exit to the ejector. Such a device
is called a variable back pressure ejector. The actual test
facility is open to atmospheric pressure at the exit plane
and therefore not of the variable back pressure type. A
control valve is installed in the secondary air system to
facilitate controlling the secondary air total pressure.
The pressure can be lowered from atmospheric to a partial
vacuum. For this reason, the ejector tested is of the
variable suction type.
The test model is comprised of three basic systems:
The primary or high energy air system; the secondary or low
energy system; and a variable length constant area mixing
section.
3.1 Primary Air System
The primary air system, shown in Figure 2, is the
energy source for the ejector. High pressure air is supplied
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from a Pennsylvania Pump and Compressor Company HAE compres-
sor and is delivered via a convergent nozzle to the mixing
section. The total pressure, or pressure energy, supplied
to the primary system can be controlled by a Cash-Acme pressure
reducing and regulating valve assembly just upstream of the
primary plenum chamber. In the present tests, the ejector
was operated over a range of 4 to 25 psig although the
compressor is capable of supplying air at pressures up to
100 psig.
The plenum chamber acts as a settling tank to minimize
any turbulence or fluctuations in the primary flow. The
air passes from the plenum through a bell-mouth into a two-
inch pipe. Installed in the pipe is a stainless steel
square edged orifice plate along with four flange static
pressure taps and four vena contracta static pressure taps.
An iron-constantan total temperature probe is also installed
just upstream of the orifice plate. This arrangement makes
it possible to measure flow rates in accordance with ASME
standards. (Ref. 5).
Downstream of the orifice is a continuous burning com-
bustion section. (Figure 3). This combustion section is
fabricated of 304 stainless steel two-inch tubing. The
actual combustion chamber is located in the middle of the
section and a butterfly valve has been incorporated to con-
trol the amount of primary air passing through the combustion
chamber. The remaining primary air by-passes the chamber,
and in this manner the total temperature, or heat energy,
of the primary air can be controlled.
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After leaving the combustion section, the high energy
air discharges into the stainless steel mixing section
through a convergent nozzle. The nozzle, as depicted in
Figure 4, is located inside the secondary air system plenum
chamber in such a way as to develop two concentric jets at
the entrance to the mixing section.
3.2 Secondary Air System
The high energy jet issuing from the primary nozzle
induces a flow of secondary air, from ambient conditions,
through a bell mouth inlet into a three-inch standard pipe.
A square edged orifice system is installed in the pipe for
mass flow rate determination. The system is identical to
that employed for the primary air.
Downstream of the mass flow rate measuring station,
there is a three-inch gate valve. By varying the setting
of this valve, the total pressure of the secondary air can
be decreased below atmospheric. In this manner the opera-
tion of a suction type ejector can be simulated.
The secondary air then enters a plenum chamber, the
purpose of which is to provide more nearly uniform and axi-
symmetric inlet conditions. The air then enters the mixing
section through a convergent nozzle.
3.3 Mixing Section
Both the primary and secondary jets meet at the entrance
to a constant area duct or mixing section. Mixing sections
of three different diameters are available. Also, primary
nozzles of three different sizes can be installed. Therefore,
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nine different area ratios can be obtained. For this study,
however, only one mixing section was used.
The section employed is made of nominal two-inch
stainless steel tubing (ID = 2.25 inches), fabricated in
three sections. By varying the combination of sections,
a range of L/D ratios from two to ten can be obtained. L is
the length of tubing down stream of the nozzle exit.
Five instrumented stations (Figure 5) are equally
spaced along the length of mixing section. At each station
are two averaging static pressure wall taps (1/32" diameter).
There is also a 1/8-inch hole with a boss assembly for
obtaining pitot static and total temperature surveys at
each station.
For normal applications, a diffuser would be installed
downstream of the mixing section to convert any velocity at
the exit to a static pressure rise. For this study, however,
a diffuser was not incorporated since the mixing process
was of prime interest.
3.4 Instrumentation
All pressures were obtained from a 94-inch mercury
manometer bank with the exception of the AP across each
orifice plate and the exit traverse pressures. The AP's
were read from a water micromanometer calibrated in centi-
meters, while the traverse pressure was read in inches of
water from a 48-inch single tube manometer. The two tempera-
tures upstream of the orifice plates and the exit total
temperature were measured with iron-constantan thermocouples
with a Leeds and Northrup millivolt readout.
22
The mass flow rates were calculated based upon Reference
4, as shown In Appendix B. The total temperatures recorded
upstream of the orifice plates were assumed to be the
static temperature for these calculations. Although the
mass flow measuring system is equipped with both flange and
vena contracta static pressure taps, the pressures measured
with the flange taps were used in the determination of the
mass flow rates.
The overall test ejector and instrumentation system
are shown on Figures 6, 7, and 8.
3.5 Test Program
Once the model ejector was fabricated and installed
in Bldg. 216 at the Naval Postgraduate School, the system
underwent several trial runs in order to eliminate all air
leaks and to check out the instrumentation system. Upon
completion of these trial runs, nine runs were made to
collect the necessary raw data.
The first four runs were made with an area ratio of
10 . 125 : 1, while the last five were with an area ratio of
20.25:1. All runs were with a temperature ratio of unity
since the combustion section was not in operation due to
the lack of fuel and a calibrated fuel flow orifice.
A typical run consisted of the following steps:
1. Establish a given Po/Pijn ratio.
2. Set the secondary control valve in the full open
position.
3. Record all data, including an eight station traverse
for both pitot-static and total temperature profiles
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4. Close the secondary control valve in four steps
and record the new data at each step.
For an area ratio of 10.125:1, four different values
of Po/Prpi were u sed. These were values of 0.4, 0.5, 0.6,
and 0.8. For the 20.25:1 ratio values of 0.3, 0.4, 0.5,
and 0.6 were used. In addition, two additional runs were
made so that a check could be made upon the repeatability
of the system. These runs were at an A.-VA-, of 10.125 and
Po/P<P]_ of 0.4 and 0.5. The results of these reruns are
shown in Figures 16, 17, 18, and 19.
The raw data was then reduced as outlined in Appendix
B. The final numerical results were obtained by means of
the IBM 360 digital computer through the Fortran program
EJECTOR.
4. DISCUSSION OF RESULTS
Figures 9 thru 11 show the ideal performance limits
for an ejector with zero suction, all output being in the
form of blowing. It was found that a slight decrease in
secondary total pressure below ambient resulted in a large
decrease in mass flow ratio. Also, at zero suction, the
total power coefficient, and hence, the overall efficiency
were maximum. For this reason, these curves depict the
maximum possible performance levels for this study. As
previously mentioned, these figures represent the optimum
performance levels which an ejector may approach but
never exceed.
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Figure 9 is an overall mapping of the pumping power
performance. It should be pointed out that although the
value of C decreases with increases in temperature ratio
(TT1/TT2), the va -'-ue °f the absolute power will increase.
The apparent indicated decrease is actually a loss in
efficiency
.
Similarly, Figure 10 summarizes the relationship
between mass flow ratio and the pressure coefficient. It
is seen that C tends to decrease more or less sharply as the
mass flow ratio is increased. This is in contrast to the
power trends where the effect of increasing mass flow ratio
is not quite so severe. It is also of interest to note that
for a given temperature ratio, the range of C is practically
independent of area ratio.
The limiting values for output momentum coefficient are
plotted in Figure 11, with mass flow ratio as the independent
variable. This figure shows that an increase in temperature
ratio has little effect upon the output momentum, C . An
increase in area ratio will, however, result in an increase
in Cm .
The detailed comparison between the theoretical trends
and the experimental results is given in Figures 12 thru
27. The graphs depict the performance of an ejector, both as
a power producing device (C and Cps ), and as a pump (Cp
and C ) . Each set of curves is for a given value of ¥3/?^-,
and A3/A-, . The parameter C is considered to be of secondary
importance, and detailed values are therefore not presented;
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however, the range of C.-s values was from 225 to 4? 5 . All
curves are for a temperature ratio of unity since the com-
bustion chamber was not in operation for these tests.
It is readily apparent that the experimental results
follow the theoretical trends although, as expected, there
is considerable deviation in actual magnitudes. The power
curves (C and C ) show that the greatest deviation from
PP ps &
the ideal case is a result of a decrease in attainable flow
rates. This can be attributed to friction and mixing losses
in the experimental system and also to inlet losses. These
effects are shown as AX friction and AX inlet, respectively.
The inlet losses result from a decrease in secondary total
pressure. This drop in total pressure makes it impossible
to obtain true zero suction operation, and hence, decreases
the performance level.
The pumping characteristic curves also show the effect
of friction, mixing, and inlet losses. The approximately
constant deviation between the actual and theoretical values
of suction pressure coefficient is the result of friction
and mixing effects. It reduces the maximum flow capability
by the amount AX friction as indicated on the diagrams. The
remaining loss in mass flow ratio is associated with flow
resistance thru the inlet valve of the secondary system,
and is denoted by AX inlet. Since the controllable parameter
for each test was the pressure ratio Po/Pfq, the agreement
between the theoretical and experimental values of C is
necessarily close.
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In general it can be said that the analytical approach
employed for this study yields a reasonable overall picture
of ejector performance trends. The experimental results are
in agreement with the parametric analysis in regard to the
qualitative effect of several key parameters upon ejector
performance. The agreement between theory and experimental
results is encouraging; however, a somewhat more detailed
analysis which includes friction and mixing effects will
clearly be necessary before actual performance levels can
accurately be predicted.
5. RECOMMENDED MODIFICATIONS TO TEST FACILITY
The experimental model has proven to be useful and
reliable for studying ejector performance. It is felt
that the losses shown for this model can be reduced with
the following modifications:
a. Install a more efficient valve in the secondary
air system to reduce the pressure loss through the valve.
b. Increase the size of the secondary plenum chamber,
or add some form of baffle system to provide a more uniform
velocity distribution at the entrance to the mixing section.
This requirement became apparent at high values of C , where
s
the flow at the exit plane was not axi-symmetric
.
For an actual ejector, the inlet losses will be reduced
since the length of plumbing associated with the flow rate
measuring system will not be required.
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6. RECOMMENDATIONS FOR FURTHER STUDY
In- order to develop a method whereby the actual perfor-
mance levels of an ejector system can be adequately
predicted, the following extensions to present work are
strongly recommended:
a. Extend the present theory to include the effects
of friction and mixing losses. This can be accomplished
by the addition of a friction term to the momentum equation
and by developing a suitable shape factor to better describe
the mixing process.
b. Complete the incorporation of a fuel system in
the existing ejector. By installing a fuel flow regulating
valve and flow meter, the existing facility will be capable
of producing a wide range of temperature ratios.
c. Conduct a more detailed experimental test program
in which velocity traverses are taken at the five stations
along the mixing section. Such a study will provide a
better understanding of the mixing process and should aid
in the determination of the shape factor previously mentioned
d. Investigate the actual application of ejector
systems to boundary layer control work. Such an investiga-
tion could be made utilizing the existing ejector in
conjunction with a series of aerofoils. By installing the
aerofoils in a wind tunnel the effect of the ejector suction
or blowing upon flow separation could be studied.
28
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FIGURE 6 EJECTOR FACILITY
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For a thermodynamic system, in which electrical effects
are insignificant, there are four basic dimensions which
describe the system. According to the Buckingham Pi Theorem,
these four dimensions serve as a base by which all physical
characteristics can be non-dimensionalized.
Choosing force, length, time, and temperature as the
base dimensions, the following physical parameters were
chosen to collectively represent these base dimensions.
a. Secondary ambient density — p^
b. Secondary ambient temperature — Trp2
c. Primary mass flow rate — m^
d. Primary available enthalpy — H„
a
With these reference parameters, it is possible to
non-dimensionalize any physical quantity in a thermodynamic
system.
Consider, for a given output power P, a non-dimensional
power coefficient C , obtained in the following manner:
Power - units of E±L
T
Therefore, to obtain a power coefficient based upon
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therefore, from equation A-3
d = 1
now from equation A-5




















In this manner it is possible to define any number of
dimensionless coefficients.
2. Definition of Performance Coefficients
Referring to Figure 1, the following parameters are
obtained
:
H = C (Tm , - T
1
)






















H = C Tm _
3 p T3
From the 1st and 2nd Laws of Thermodynamics,
dh = TdS + V,dp









- .mo = _ V -.^T2
^ dp^T2 (A-16)
for a perfect gas, the incremental change in entropy from
I to T2 can be defined as
:







The equivalent work done by the isothermal compression
is therefore





With these enthalpies defined, it is now possible to
develop the power output coefficients for an ejector.
The power available at the exit from the mixing section
is defined as the pumping power and therefore the pumping
power coefficient can be defined as:
(A-19)n - (m-, + m ) H.
°PP -1 I
ml Ha
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(A-20)
The equivalent work done during the isothermal compres-
sion of the secondary fluid is defined as the suction power,
and therefore the suction power coefficient is defined as:

















The ratio 2 i s defined as the non-dimensional mass flow
m
1
ratio, x. It is also possible to suitably non-dimensionalize












= (1 + x) T \
T
Tl Li - (p 3 /pt1 )
Recalling the definition of C












These coefficients describe the performance of an
ejector as an energy or momentum producing device. Since
an ejector is essentially a pump, it becomes necessary to
develop certain coefficients which describe the pumping
characteristics
.
The driving pressure coefficient C is defined as:
P
C =





















The suction pressure coefficient is similarly defined.

























The geometric characteristics on an ejector may also
be non-dimensionalized in the same manner. Consider the
















L: 2 = -4a - c + 2d
F : o = a + c
T: = 2a + c - 2d
0: = b
adding A-32 and A-3^ gives
2 = -2a




















It was found that the actual controlling geometric
parameters could be expressed by an area coefficient and the










Consider the mixing of two concentric jets in a con-





















A, = Primary area
Ap = Secondary area
A. = Mixing section area
2introduce non-dimensional area ratio, K , thus
A
2
= (K 2 - 1) A
1
A = K 2 A
1
MASS PLOW RATES
rnfu = Primary mass flow rate
nip = Secondary flow rate
iru = Total flow rate
m-
recalling definition of x = 2.
m-
nip = x m
DENSITIES
p., = Primary density
p = Secondary density





V. = Primary velocity at exit from nozzle
V = Secondary velocity at exit from nozzle
















x = 6(K 2 - 1) r
from continuity,
(A-39)
m~ = m-, + m
? (A-40)




+ p 9 A P V










= (1 + x) /V-l
'1 K V,
(A-41)
Now, consider the constant pressure mixing of two ideal
gases in a constant area duct.
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rh, C T + m C T = m C TlPl 2 P 2 3P3
or
C P. xC P„ _ _









l xP P p









? l\ (1 + x/6)
l
H 3' (1 + x)
As a comparison, consider the mixing of two liquids
at constant volume,
m + m nu
Pl P2 P 3
or
M (1 + x/6)
IPol (1 + x)
Now assume that the actual mixing process can be
described in a similar manner such that the compressibility
effects are taken into account by some change in volume of
the primary fluid. By introducing a compressibility factor
|i
s
the mixing process can be described by
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Pi (y + x/6)
— = (1 + x) (A-JUD
The value of y will be unity for the case of incom-
pressible mixing. For the compressible case, y can be
determined from energy considerations as will be shown later.
Rewriting equation A-44
P3 (1 + x)
p
~ (y + x/6)
Combining this result with equation A-4l,
P
3 (1 + x)
pjj-
" (y + x/6)
therefore
,
(1 + x) / Vr i
K V
3/




Now, apply the momentum equation for the case of a















"3 V3 " "l Vl " A2 V2






















l P P 2














































Define a non-dimensional pressure rise across the
mixing; section.
$ A P^ - p 2 _ 1
p 2^1 2 K2
1 AP^
- (l+x) (y<5+x)
P2V1 6 2 (K 2 -1) 6 2 K 2
(A-49)
With this result, along with the definition of u, it is
possible to obtain an interation solution to the mixing
problem for any given set of known parameters.




= Pamb - fixed value
= Controllable value
Controllable valueL T2
4. T„ p/Tm-, = Temperature ratio can be controlled
5. K< = Known for any given ejector
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Now, for a specified value of each of these parameters,
the following technique was employed to obtain a solution:
a. Assume a value of M«.
b. For M
1
< 1, calculate M
or
Tl







P— Y " 1
but





therefore, for M < 1, Pp = P
and
M- i + izi. M <
2 2
- l) (A-50)




6 = ^2 = (
P 2/ pT2) ^T2
Pi
"( p l/pTl) pTl
6 =
1 + 1=1 M 2 1
2 1
Y-l 2










d. Flow Rate Ratio



































1 + ^x 2 !
Y-1 2
1 + ~2~^2 J
1/2
(A-52)







































Ll + Y-1Mo J
y/y-i
or finally, y/y-l
$ = fel 1-^1
.
-is






f. From the momentum definition of $, and by





1+ -1 - + x* _ (l+x)(y6+x)
p 2 V 6(K 2 -1) 6 2 K 2
(A-55)
NOTE: All terms in this equation are known with





< 1; AP =




























or after some algebraic manipulation,
AP













thus. $ is known
.
' m
g. The necessary condition for a solution is that
$
.
equal $m ; thus, all boundary conditions are satisfied*
let
ERF = $. (A-57)m = <l
Such that for a given set of parameters and a particular
value of u, the proper Mp has been chosen when ERF = 0.
h. It is now possible to obtain a new value for u.
From energy considerations,
*1 CP TTl + *2 Cp
TT2 " A 3 Cp
T
T 3
for C = const
Tt3
TX T2

































from equation of state,















Itj v T2 1













1 + 2 M 2
(A-60)
C Read A3A1, GAMMA)
1
Do Loop I = 1, 5
T1TT2 = 0+ J
Do Loop K = 1, 7
P3PT1 - 1.0 - 0.1 (K)











values of M are
(
equal i
Calculate CPP, CPS, CM, CP, CS
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Since the primary objective of the experimental program
was to obtain a realistic comparison of actual ejector per-
formance with the idealized theoretical predictions, the
data obtained was reduced to the same non-dimensional
performance coefficients as developed in the theoretical
analysis. With the aid of a specific computer program,
EJECTOR, the raw data was converted to obtain these required
coefficients
.
1. Flow rate calculations
As mentioned in Section 3, the primary and secondary
flow rates were determined using squared edged orifice
plates with flange pressure taps and an iron-constantan
thermocouple in accordance with ASME standards.
From Reference 4,
m =
^q 1 D 2 2 aKYV Pho) (B-l)
where
m = mass flow rate
D = orifice diameter
a = thermal expansion factor
Y-, = compressibility factor
K = discharge coefficient
p = fluid density
hoo = pressure drop across the orifice
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P in inches of mercury
T in oR
hw in CM H
2
m = 359.1 ^fuM )(.*?!) D 2 aKY "a/pT^3W V(53. 3^55(2. 54) 2 * Y i V^—
1
2 -v / p i ha)






T.. = static temperature upstream of the orifice
Prom Reference 5, for stainless steel orifice plates
operating in a temperature range of 60° - 350° F.
a = 1.0 + 0.0015 /t n -60\Hod <B-3>
where




a = 1.0 + 1.5 (T - 520) x 10" 5 (B-4)
1
Also, from Reference 5, the expansion factor for air
with y = 1-4,
Y
1
= 1.0 - [.041 + .035(^.1 ] hOL (B-^)1 ID-, / Py
D 2for hw in CM of HO, P in Hg, _£ = 0.7
„— ¥ '
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The discharge coefficient K, was determined in order




W = 3600 m
2 = absolute fluid viscosity
By determining a linear relationship between S 1 and t
from Reference 5, page 335, it was determined that
Z = 100 Z 1 = 1.9 + 0.24
t
TOU - 1 (B-8)
or
Z = 1.9 + 0.24
T-





= (6.3l6)(3600) x 10 2
D 1.9+0.24(i^o - 5.6)
(B-9)
m
Now, for flange pressure taps the discharge coefficient
K, can be determined
















K°° = tabulated discharge coefficient for R„ = °°.
Combining these results gives:
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Now, for the primary air system
C = .07205
K« = .9756






















Since £ is dependent upon the actual flow rate, the
final solution is based upon an iteration solution, where
originally £, is assumed to be unity. This iteration is
performed with the CDC 1604 digital computer as is shown
in the Fortran Program EJECTOR (Appendix B). The same
procedure is followed in determining the secondary flow
rate
.
2. Average Exit Total Pressure
In order to obtain the state condition at the exit
to the mixing section, a pitot-static Prandtl type pressure
probe was used to traverse the exit plane. The static pressure
was found to be essentially constant as was the total
temperature. The total pressure, however, varied along the
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traverse. For this reason, it was necessary to determine
a suitable equivalent average total pressure.
Consider a hypothetical constant area, frictionless
duct appended to the actual mixing section. Assume that
the velocity profile changes from the given non-uniform
distribution to a uniform value. Since the Mach numbers
at the exit plane were less than 0.3, compressibility




















PT = P + 1/2 pV
and
PT = P s + 1/2 p V
From continuity:
I P V d A = J pVdA
A A
for p and V = const
/.V = | V dA
'a a
Now, applying the Momentum Equation,
J p V





for P - const = psig
V = const
p = const
P c = const
Therefore
,















Now, substituting for V and V,
q = fp 2q dA
J p A - 1/2 p









however, since Pamr = -P
r s








where h = total pressure head measure at the exit plane
This result was then converted to a finite difference
format where
:
h . = total head measured at the Xth traverse
AA , = annulus areas corresponding to the ^th traverse
•'C station
therefore













The approximation was then made that
AA^
Hrp - h .
A, A
(B-24)
This approximation gives an error of less than two
percent for the worst case.
3. Performance Coefficients
Upon determining the individual flow rates and measur-
ing the conditions at the exit plane, it was possible to
calculate all performance coefficients.
a. Pumping Power Coefficient
C k (m-. + m ) Ho

















NOTE Both Tmo and T were measured directlyT3 Ti
along with Pip]_. Pm. was determined from
previous analysis (Section 2) while P~
was ambient pressure,
b. Suction Power Coefficient
























= (1 + x) V^V H
C = (2 C )
1/2 (1 + x) 1/2
M pp
(B-27
d. Driving Pressure Coefficient
C *
PT1 - P 3
P PT2 Ha
P P


























































These coefficients were calculated from the experimental
data with a rather basic data reduction program EJECTOR
as will be shown in the following section.
4. Data Reduction Program — EJECTOR
The following is a comparison listing of Fortran






























Ratio of the mixing section area
to the primary nozzle area.
Manometer atmospheric reference.
Atmospheric pressure in inches of
mercury
.
Ratio of specific heats.
Recorded pressure readings at
Station I.
Primary temperature recorded
upstream of the orifice plate.
Secondary temperature recorded
upstream of the orifice plate.
Total temperature at Station I.
Absolute pressure at Station I.
Primary mass flow rate.
Secondary mass flow rate.
Secondary fluid mach number at
the entrance to the mixing section
Ratio of the secondary-to-primary
total pressures
.
Average exit total temperatures
.
Average exit total pressure.
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Algebraic Fortran Remarks







The program, EJECTOR, was set up to read in any number
of sets of data. For each set, a new value of A3A1, PAMB,
TARE, and GAMMA must be read. The program consists of two
overall do loops combining the two flow rate iterations and
the calculation of all required coefficients. The logic














( READ VALUE OF NSETS)
T




DO LOOP 1=1, NSETS
( READ H(I) )
( READ TEMPS)
DO LOOP to Convert
Gage Pressures to
ABSOLUTE











M22 = F(l + .2 M21 )
Compare M21 & M22
1 Calculate CPP. CPS. CM. CPl
Print Out















































s LU CM u • ON — •1 •
. s: 2 r—
<
iA ~^ * o in
o < •—
•







CO * c\l -~ fNJ
rjl #• LU ». \— t— 1— ~— -^ • r-l ^-
i/) «•» n Q. CL m * CL GO + o *




CL fNJ I— — O — Q. • 3 O
I/) — QL X < r-l (— vr • O — r-H • •
t—t a « 4- CO m » -^ ~^ — * W 1 w\ •—
4
» LU ** < CL 1/0 r-l r-t X * X -i * -~ *
l/) CL — CC «* CL 1— II 1— i in * r-i 1—1 f\J in
# a r\j < — X u LU -) -» 1— —
-






















CO UJ X \- H o » < X * ~> vO 1- o rg Q. • O X o y- r-t •
~> UJ -» < H r-l ro X ao H —r U_ • r-i --H + + • CL • UJ CL +
UJ UJ Z ^0 m m u_ X < r—
t
i—i M X f\J .—
I








<-t t— in r-t CC UJ o • 1 < o * — r-t •






«k »•» « —
-
II < 3 r- 1—1 o * o • O u_ r\j O r\J <t 1—
(
3 < t0 •—
•
r— fNJ r— ^ t— I— O vO h- r- h- -z h- Z <t- II • r-l a 1—t Cl l/J a a rsi II




•-* U X II X T3 X o X m fNJ
-* o UJ Q 2: q 51 z s: 2: 2 z s: CM Q s: a 2 CO — I— • X II H ii 1—1 II < II r— II • X






CC < a < CC ^ Z it CL .-1 O H 1— r\J —
»
r~t r-H n CL
fNi LU CC •—• UJ o uj O CC o CC o CC O X O LU O LU o o —
»
o —\ _l r-t a CL LU CL U_ CL o a r\l _JO « Q. a cc U_ CC u_ a. u. a. u_ Q. u_ O. CK U_ CC u. OB Q. u U < >- X X M X »—
i





(M m <f m vO r~ OD o> —
1
o



















3 * * »




X — < 1— r- »
— \ U3 a a lo
m — — * CO co a.
• vO < * Q. Q. U
* • U3 r-
<
•h
* lT> * I— 3 3 a
-»
1 * CL • • a
r\j (M -^ ro rH 'H U
h- 1— <f CO CL «— •M* #>\ * .H 3 o 1— 1 \ \ X
—
-H •» LT> • r- a_ J — •>
rH o ro • co #> \ • rH (M <H
1—
1
• r-t * * o Q H 1— 1- c0
' — •t * * vO ^ ~- a a x
— X * m (XI —
.
^ < V. CO rH «
o * <f ~i h- rH o a — a O. rH
r—1 —
-
r\J — 1— (XJ vO u — — i * a
— o • —t * X —
»
<o i (X) lH 3 rH X
a. r-l + 3 CO u 1—
1
* 3 V- • • r- »X ~^ o 3 < i-H < o i-H # • a * r-H a rH
— CL • 3 s: <M * o (M rH \ * —
'
CO Q.
rH — .—1 • • s: — • r-l • X * — -o ^~ * a. cm
r—1 Jfc — 1 < 3 cm (XI 1 u ^ * > X (M i i-
— <M * — co • * X -~ < -o -H < + h- 3 aX -h m (M —~ rH —
»
(M x i-H ~- u i-H * J" ro a o a • •>
* >- r~ cO rH a H 1— —
«
1




• rH •H rH
C\l * i—
i
X ^ cm —• CM i— 3 < (XI + X (XI a h- LU rH CL — 1—3 CM 3 r\j 1 a i— a. I— r—
1
r-t • S -~ 3 u X 1 * o *— * * a
r-l X 3 i— rH x a. X h- h~ h- rH s •* a. • < (XJ (XI u — -^ o * rH rH CO
o a • LLl *T) — x CD X X 1— 1 < O * i-H 1 <XI (XI < r-H X _l LA 1— r- CL
•
_i + N X i—
i
(M 3 2 <—t o — X < < O <r (XI ~— (X! X X * ~^ + * • CM r\j •>
i < 3 * -~ r\J Q. —
»
• < I— • (XI co 21 D — ro < * (XI U o u CM Q. 3 < * 1— i— in
o * o • O Ll (XI r-i (Nl X Q. H a 1— r-H r-t h- T X v. ao ^» Lu LU X <r no < • — • o * 1— 1— rH
• (Nl cO -h CO t0 Ifl L0 X II II ii II II «« i— < 3 o iT\ x II II KJ n II + * rH * a * *H U X II X u X o X r—
I
i—t (XI rH (XI i-H a ii o • • • r-l r-H (XI < r-H o <-* D < —
»
X CL ro CO r-






r-H ro LO r\j (XI »* r\i h- (XI • O II II kj e> o z
c\J 3 r—
(
H- (XI -^ r-H r-H X CM CL a h- CNJ cO in II II II ii X T X — X X i-H ll a. t0 ii II II —1
>-i CO I/) LU i/) LU i0 O i/ II I— i-H en rH I— — h- < CD u <XJ II t^» u LU <^> o u II CL Q_ CL s: Q. co a:
>- X X rsj X •—
•
X to X X X a a 1— 1— CL h- o (D 13 < LL < < *—
i
< UD < o 0l u u u u u a














I- Z Q Q 2
< — Z Z —
•




















Naval Air Systems Command
Department of the Navy
Washington, D. C. 20360




5. LT B. S. Wade, USNR 1
Attack Squadron FIVE TWO
Fleet Post Office
San Francisco, California 96601







DOCUMENT CONTROL DATA • RAD
(Saourtiy elmaaHlcatlon ol tltta, body ol abatraet and Indaxlng annotation wtuat ba antarad wfcan th* awarmil rapari la olaaatfiad)
I. ORIGINATING ACTIVITY (Corporata author)
Naval Postgraduate School
Monterey, California 939*10




PARAMETRIC AND EXPERIMENTAL ANALYSIS OP EJECTOR PERFORMANCE
4- DESCRIPTIVE NOTES ( Typ» ol report and Inclualva dmtaa)
Master of Science Thesis In Aeronautical Engineering
S- AUTHORfS) (Laat nam: ft rat nana , Initial)
Wade, Barton S.
Lieutenant, United States Naval Reserve
6- REPORT DATE
July 1967
la- TOTAL NO. OF A4II
94
8a. CONTRACT OR ORANT NO.
b PROJECT NO.
9a. ORIGINATOR'S RSRORT HUMBERTS.)
96. other REPORT uo(S) (A ny othat humbara mat o%ay ba aaaignad
mla report)
10. AVAILABILITY/LIMITATION NOTICES
11- SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
Commander
Naval Air Systems Command
13. ABSTRACT
This investigation analyzes the operating characteristics of
an ejector having a heated primary jet and a constant area mixing
section. The effects of several key parameters are determined
on the basis of idealized theory. Performance characteristics are
described in terms of certain non-dimensional coefficients obtained
by a systematic dimensional analysis.
In addition, experimental results obtained from a model
ejector are presented. These results are in reasonable agreement
with the theoretical analysis.
Suggestions are made for further improvements both in the














DD , F°Rr..1473 < B«*)
3/N 0101-807-6821 96
UNCLASSIFIED
Security Classification





UDLEY KNOX LIBRARY
mMlMm
Nffil
M ftRffJTffi
lisrK
mlrintlf
il'lnttitit
m
ill
IB
mW
'•:
".
I
» wrWi
HK
rt»
»*PH
H
i
•••
NTKil
mmCtDr^m
Bra
nfl
MB
HHHI
